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Abstract 
This paper proposes a new measurement system which measures the reaction force from snow surface for skiing. It is important 
to analyze the reaction force from snow surface of the skier gliding on the actual snow field to clarify the mechanism of ski turns. 
In the previous studies, we have used the measurement system of reaction force from snow surface installing the 6-axis force 
sensor. The system installed the 6-axis force sensor to each foot, and the skier had to carry a data recording PC. Therefore, the 
entire system was heavy. Furthermore, the system could be used only for the specific ski boots. In this study, we developed a new 
measurement system of reaction force from snow surface for skiing installing the compact 3-axis force sensors. The 6-axis force 
components could be calculated by using the information of the compact 3-axis force sensors. We developed a special data 
logger for saving the sensor outputs, and the skier could glide without loading PC. The system is smaller and lighter than the 
previous system. The system can be attached between private ski boots and bindings. The system can be adjusted the size of 
private ski boots. The body of the system was produced by using the personal 3D printer. The verification experiment was 
conducted to confirm the accuracy of the system. The results of the 6-axis force components calculated by the system were 
compared to the values of the 6-axis force sensor. These results approximately correspond in all axes. We conducted the 
measurement experiment of the skier gliding on the actual snow field, and we showed the reaction force from snow surface of the 
skier by using the system. The system can be applied to motion analysis of the skier gliding on the actual snow field. 
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1. Introduction  
Skiing and snowboarding are popular winter sports. Scientific motion analysis of skiers and snowboarders 
provides improvements of skiing and snowboarding instructional methods. There are several studies on skiing and 
snowboarding such as the control of snowboard [1], the development of ski robot [2], the simulation of ski turns [3], 
the motion measurement of skier using potentiometer and strain gages [4] and biomechanical analysis of ski racing 
using inertial measurement units and GPS receiver [5].  
In the previous studies, we have proposed the motion measurement method using the inertial sensors [6]. The 
method can estimate the 3D posture of the body segments of the skier by using the information of the inertial 
sensors. We have used the measurement system of reaction force from snow surface for skiing. The 6-axis force 
sensor is installed in the system. The joint torque of the skier can be estimated by using the 3D posture estimation 
and the measurement of reaction force from snow surface [7]. Furthermore, we have developed the new 
measurement system of reaction force from snow surface for snowboarding installing the four compact 3-axis force 
sensors for the pivot foot [8]. The system is smaller and lighter than the previous system. The system is mounted 
between a snowboard and a binding. However, it is difficult to detach a binding from a ski. Therefore, the system 
cannot be applied for skiing easily.  
This paper proposes a new measurement system of reaction force from snow surface for skiing installing the 
compact 3-axis force sensors. The system can be mounted between private ski boots and bindings. We conduct the 
comparative experiments by using the system and the 6-axis force sensor to confirm the accuracy of the system, and 
we indicate the effectiveness of the system by the measurement experiment of the skier gliding on the actual snow 
field.  
2. Measurement system 
The measurement system of reaction force from snow surface for skiing is shown in Fig. 1(a), and the compact 3-
axis force sensor (Tech Gihan Corporation, USL06-H6-2kN) is shown in Fig. 1(b). The system consists of the upper 
parts, the lower parts and the adjustment plates. The upper parts are attached to ski boots and the lower parts are 
attached to bindings. The adjustment plates can be used for adjusting the size of a private boot. These parts were 
produced by using the personal 3D printer (MUTOH Engineering Corporation, MF-1000). The 3D-CAD data for 
producing was designed by the 3D-CAD software (Autodesk Corporation, AutodeskInventor2013). We developed a 
special data logger which saves the four compact 3-axis force sensors output. The data logger is shown in Fig. 2.  
 
Fig. 1. (a) Measurement system of reaction force from snow surface;  (b) Compact 3-axis force sensor. 
 
Fig. 2. Data logger for measurement system of reaction force from snow surface 
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Fig. 3. Signal flow chart for the measurement system of reaction force from snow surface 
The four compact 3-axis force sensors are installed between the upper parts and the lower parts. The reaction 
force from snow surface is expressed by the 6-axis force components (the 3-axis force and the 3-axis moment). The 
6-axis force components are calculated by using the information of the four compact 3-axis force sensors. Since 
each sensor is a lightweight, total weight of the entire system including the four sensors is about 68% (1205g) of the 
previous system (1780g) [7]. The measurement ranges of the each force sensor are Fx: ± 1000N, Fy: ± 1000N and Fz: 
± 2000N. 
The signal flow chart of the system is shown in Fig. 3. The measurement signals are transformed to the DC 
voltage by way of the compact 3ch operation amplifiers for the force sensors (Tech Gihan Corporation, DPA-03A). 
The DC voltage is input to the data logger. In the data logger, the DC voltage is input to the microcontroller 
(Cypress Semiconductor Corporation, CY8C5868AXI-LP035) through the partial resistances. The DC voltage is 
digitally transformed in the microcontroller which is equipped with the A/D converter (16-bit). The Digital data is 
temporarily memorized in the FRAM module, and the data is written to the micro SD card from the FRAM after the 
measurement experiment automatically. 
3. Method 
The reaction force from snow surface (the 6-axis force components) is calculated by applying the calculation 
method of the previous study [8]. In this study, the reaction force from snow surface of both feet is measured by 
using the signals of the eight compact force sensors. 
The relational expression between the 3-axis moment vectors and the signals of the force sensors aligned with the 
system was represented by Eq. (1), where n is the moment vector,  is the signal of the force sensors and  is the 
position vector from original point to the force sensors. This equation is established by the calculus equation of 
moment in the Newton-Euler method.  
 
            (1) 
   
The alignment of the force sensors in the measurement system of reaction force from snow surface is shown in 
Fig. 4. In the measurement system, the relational expression (Eq. (1)) is expanded to Eq. (2), where a and b are the 
distance from original point to the force sensors about x-axis and y-axis, respectively. In this study, a =20mm, b 
=85mm. 
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Fig. 4. Alignment of force sensors in the measurement system of reaction force from snow surface 
4. Verification Experiment 
4.1. Experimental condition 
We conducted the verification experiment to confirm the accuracy of the system. The experimental setup for 
verification is shown in Fig. 5(a), and the signal flow chart for the verification experiment is shown in Fig. 5(b). The 
system and the 6-axis force sensor (Nitta Corporation, IFS-105M50A220-I63) were installed in the setup. The 6-axis 
force sensor output was used as the true value. The signal of the system was measured by way of the A/D converter 
(CONTEC Corporation, AI-1608AY-USB). The measurement information was synchronized by the signal from PC. 
The measurement time was 30sec. We pushed and pulled to the ski boot attached to the system by the hand to 
generate the forces and moments of all components in the experiment. We compared the results of forces and 
moments obtained from the system and the 6-axis force sensor.  
 
Fig. 5. (a) Experimental setup for the verification experiment;  (b) Signal flow chart for the verification experiment. 
4.2. Results 
Results of the verification experiment are shown in Fig. 6, Fig. 7 and Fig. 8. The root mean square errors between 
the system and the 6-axis force sensor are shown in Table 1. In all axes, the results of the system approximately 
corresponded with that of the 6-axis force sensor. Therefore, the performance of the system can be indicated by the 
experiment. 
5. Measurement Experiment of ski turns  
5.1. Experimental condition 
We conducted the measurement experiment of the skier gliding on the actual snow field. The body height and 
weight of the skier were 165 cm, 72 kg. The skier had 35 years of experience of skiing. The skier has a ski instructor 
license (Diplôme d'Etat de ski alpin). The average inclination of the slope is about 10 degrees. The skier conducted 
the periodical carving turns. The sampling frequency was 100Hz, and the measurement time was 30 sec. 
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5.2. Results 
Results for the reaction force from snow surface of ski turns are shown in Fig. 9 and Fig. 10. In the results of 
forces, the Z-axis force of left foot increased and the Z-axis force of right foot decreased during right turns, and the 
Z-axis force of left foot decreased and the Z-axis force of right foot increased during left turns. The results of the Z-
axis forces indicate that the skier used the outside foot mainly during turns. In the results of moments, the Y-axis 
moments of both feet periodically changed for using the side cut of skis. 
 
Fig. 6. (a) X-axis force in verification experimental results; (b) X-axis moment in verification experimental results. 
 
Fig. 7. (a) Y-axis force in verification experimental results; (b) Y-axis moment in verification experimental results. 
 
Fig. 8. (a) Z-axis force in verification experimental results; (b) Z-axis moment in verification experimental results. 
Table 1. Root mean square error between the measurement system and the 6-axis force sensor. 
Force and moment Root mean square error 
 6.00 [N] 
 8.23 [N] 
 5.91 [N] 
 1.53 [Nm] 
 2.13 [Nm] 
 0.64 [Nm] 
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Fig. 9 (a) Left foot forces of Reaction force from snow surface in ski turns; (b) Right foot forces of Reaction force from snow surface in ski turns. 
 
Fig. 10 (a) Left foot moments of Reaction force from snow surface in ski turns; (b) Right foot moments of Reaction force from snow surface in 
ski turns. 
6. Conclusion  
In this study, we developed a new measurement system of reaction force from snow surface for skiing installing 
the four compact 3-axis force sensors to each foot. The system is about 32% lighter than the previous system and 
can be attached between private ski boots and bindings. The verification experiment was conducted to confirm the 
accuracy of the system, and the results indicated the performance of the system. The measurement experiment of ski 
turns could be conducted by using the system. Therefore, the system can be applied to motion analysis of skier 
gliding on the actual snow field. 
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